We observed molecular dynamics of Dipalmitoyl Phosphatidylcholine liposome water dispersion by dielectric spectroscopy measurement. Statistical analysis of jitter used in the present paper is a new technique developed to observe dielectric behaviors more precisely in higher frequency range from 1 GHz to 30 GHz for time domain reflectometry method. Though the relaxation time obtained shows common temperature dependence, the relaxation time distribution parameter β decreased around the gel-liquid crystalline phase transition temperature with increasing temperature from 36 o C to 48 o C. It is suggested that surrounding water of lipid membrane may form the particular water structure in the LC phase different from bulky water in the gel phase with a change in the mobility for hydrophobic regions of the lipid bilayer.
INTRODUCTION
The Fluid Mosaic Model for the basic concept of cell membrane has been advocated by Singer and Nicolson in 1972 [1] . They advocated that the cell membrane did not only play a role on the wall separating inside and outside of each cell but also related various biological functions with the highly tender boundary face. Following this concept, biomembranes have been extensively investigated using artificial lipid bilayer membrane that has been succeeded to synthesize by Kunitake et al. [2] . The liposome composed of only lipid molecules has been applied to Drug Delivery Systems (DDS) with their characteristic aggregation properties. DDS enhances pharmacological and therapeutic properties with lipid-or polymer-based particulates that include effective drugs for diseases and contrast to release drugs targeting for the focus of diseases accurately with providing shocks such as microwave and thermal infrared [3] . Most scientists have shown static and dynamic information of lipid membrane in large number of experimental techniques revealing cell membrane systems [4] . However, we still need to clarify more dynamic behaviors of lipid and protein molecules to reveal how cell membranes express various life phenomena because of deficiencies for researches focused on the molecular level.
Phospholipid molecules have a feature of autoagglutination called lipid bilayer with hydrophobic interactions of alkyl chains in water. Physical properties of the lipid bilayer are affected by temperature, concentration, stresses, and so on [5] . In the case of, Dipalmitoyl Phosphatidylcholine (DPPC), the lipid membrane changes the regularity of lipid molecules on the membrane interface at 35.8 o C, and the membrane tenderness absolutely changes with alkyl chain melting at 41.6 o C observed by Differential Scanning Calorimetry (DSC) measurement [6] .
A number of dielectric studies on lipid membrane systems have been reported. Dielectric spectroscopy method is one of the most effective techniques to observe molecular dynamics. Dielectric behaviors of various molecules are observed in respective frequency areas corresponding to characteristic relaxation time for the molecular dynamics. In the case of usual aqueous systems, bulky water is observed around 10 GHz at room temperature, polymer chain and restricted water dynamics are observed around 0.1 MHz to 100 MHz, characteristic frequencies for supercooled water shift to the lower side and reach 10 mHz in the glassy state [7, 8] . For example, a relaxation process attributed to the surface polarization of phospholipid molecules has been investigated in a frequency range from 1 kHz to 1 MHz [9] . Morita et al. also suggested from their dielectric studies on 1-Palmitoyl 2-Oleoyl Phosphatidylcholine (POPC) liposome water suspensions that the relaxation process attributed to zwitterionic motions has been observed at frequency range from 20 MHz to 300 MHz by Impedance/Gain-Phase Analyzer covering 0.1 MHz to 100 MHz [10] . They have also mentioned that a process attributed to ionic polarization appears at frequencies lower than 40 MHz, and a process attributed to the rotational diffusion of water molecules appears from 6 GHz to 80 GHz but they have not observed a relaxation process of water molecules in their report. These studies suggest that broadband dielectric spectroscopy (BDS) method should be suitable for observing molecular dynamics of liposome suspension because of the extremely broad frequency range from 1 Hz to 30 GHz.
We have tried to observe a relaxation process attributed to free water with dispersing DPPC liposome in a frequency range around 20 GHz [11] [12] [13] [14] , and it was found that interactions between water and lipid bilayer bring the larger fluctuation into water molecules surrounding the lipid membrane in the liquid crystalline (LC) phase with higher mobility of lipid molecules [14] . Though the concept of lipid bilayer behaviors interacting with surrounding water has been considered, the experimental data obtained so far even in our former works were not enough to evaluate the relaxation process reflecting water dynamics at temperatures around 40 o C for the lack of higher frequency data. In order to discuss the relaxation of water more accurately around the phase transition temperature, we applied a new analyzing technique of higher accurate dielectric measurements with a statistical analysis of jitter for reflected pulse signals. Therefore, the purpose of this work is to observe dielectric relaxation spectra accurately for free water in the dispersing liposome system around the gel-LC phase transition temperature and to clarify how interactions between lipid bilayer and surrounding water show the dynamic behaviors.
2. MATERIAL AND METHOD 2.1 Sample Preparations 1,2-dipalmitoyl-rac-glycero-3-phosphocholine (DPPC, M w =734.1) purchased from SIGMA-ALDRICH JAPAN was mixed with distilled water (Millipore, ultrapure water with resistivity lower than 18.2 Mcm) to prepare samples with 3.0 wt% DPPC concentration, using an electronic balance. DPPC/water mixture was heated up to about 70 o C and kept during filtering to disperse DPPC molecules three times with a polycarbonate membrane filter (Nuclepore, Track-Etch Membrane Filter) using Extruder (Nichiyu liposome Co., Ltd.) and nitrogen gas. The pore size of membrane filter was 0.4 m for the first filtering, and that was 0.05 m for the second and third filtering to prepare the same liposome size. DPPC liposome aqueous dispersion thus obtained was used for dielectric measurements within 6 hours from the preparation not to have agglutinated liposome samples.
Time Domain Reflectometry Measurements
Digitizing Oscilloscope Mainframe (HP 54120B) and its Four Channel Test Set (HP 54124A) for Time Domain Reflectometry (TDR) system shown in Figure 1 was employed to observe molecular dynamics of free water in the frequency range from 0.1 to 30 GHz. Complex dielectric relaxation spectra were required from retrieved reflected step pulses through the samples in TDR measurements and with analyzing procedures including the Fourier-Laplace transformation. 50  semi-rigid coaxial cables (SUHNER) with 2.2 mm outer diameter and 30 cm in length are used for electrodes of TDR measurements. The electrodes are composed of Cu for outer conductor, St-Cu-Ag composition metal for inner conductor, Teflon for inner insulator. The outer and inner conductors were coated with platinum plating before measurements. The SMA connector used here is available in a frequency range from DC to 18 GHz. Precision Difference Method [15] was employed for reducing statistical errors in TDR measurements. We used acetone (WAKO, special grade over 99 %) and distilled water as reference materials [16, 17] to determine a value of corrective coefficient, γd. We also used acetone as a reference material to require dielectric spectra for 3 wt% DPPC liposome water dispersion. Sample temperature was controlled by thermostatic bath with an accuracy of ±0.05 o C, and the dielectric measurements were perfomed in the temperature range from 36 o C to 48 o C with a step of 2 o C including the gel-liquid crystalline phase transition temperature, 41 o C.
A Statistical Analysis of Jitter
Step pulses generated by pulse generator (HP 54124A) are reflected from a sample material at the end of the semi-rigid coaxial electrodes in TDR measuring system. It has been a serious problem that the reflected step pulse with the rise time of about 50 ps has instable timing errors called "jitter", even if each pulse is obtained from averaging 128 pulses. It was reported that the complex dielectric relaxation spectrum is affected by the jitter especially at frequencies higher than 10 GHz in our former work [18] . In the present work, we chose optimal combinations of reflected pulses with the right timing between reflected signals from the reference and unknown samples for reducing jitter errors. We observed 200 pulses for each sample, and 10 optimal pulses were statistically chosen. Thus TDR measurements in this study were tried to observe molecular dynamics over the specification frequency limit. Fig. 1 . Schematic diagram of the TDR measuring system. A flat-end of the semi-rigid coaxial electrodes was polished by a sand paper of number 3,000 and was coated with platinum plating. The end of the electrodes was immersed in a sample during the TDR measurements.
RESULTS AND DISCUSSION 3.1 Dielectric Relaxation Spectra
Statistical analysis of jitter for TDR measurements has offered us to determine the relaxation parameters of dielectric relaxation spectra 30 % more accurately than usual procedures at higher frequencies up to 10 GHz. In the jitter analysis, reflected signals with deviations of sampling time are accumulated and only signals with expected rising phases are statistically selected for analysis. More details of the procedures are described in literatures [18] . Figure 2 shows plots of logarithmic frequencies dependence of complex dielectric relaxation spectra for 3 wt% DPPC liposome water dispersion at various temperatures with statistical analysis. We observed a relaxation process attributed free water at relaxation frequencies from 20 to 30 GHz, and observed another process in the imaginary part of dielectric spectra at frequencies below 1 GHz. The lower process is considered to reflect molecular dynamics of DPPC with the direct current (DC) conductivity. Then the both processes are assumed to be expressed by a contribution of DC conductivity including the DPPC dynamics and where ε* (= ε' -jε") is the complex dielectric permittivity, ω is the angular frequency, ε ∞ is the high frequency limit of the dielectric constant, ε is the relaxation strength, j is the imaginary unit, τ is the relaxation time, β is the relaxation time distribution parameter (0 < β ≤ 1), σ DC is the direct current conductivity, and ε 0 is the dielectric constant of vacuum.
The relaxation parameters were determined by Eq. 1 with fitting procedures. Though the effect of DC conductivity should be carefully treated for molecular dynamics attributed to proteins, saccharides, non-free water and so on, in the present case of high frequency relaxation process of water molecules surrounding lipid bilayer DC conductivity may not affect the process. Figure 3 shows temperature dependence of dielectric relaxation parameters, ε, τ, and β for 3 wt% DPPC liposome water dispersions as a function of temperature. The dashed line in Fig. 3 shows the gel-LC transition temperature of DPPC bilayer determined by DSC [6] . The relaxation strength and the relaxation time showed similar temperature dependence to decrease with increasing temperature from 36 o C to 48 o C. However, the relaxation time distribution parameter, β, did not clearly show any temperature dependence in the gel phase, whereas it decidedly decreased above the gel-LC phase transition temperature 41 o C. According to our former results, the values of τ for DPPC liposome water dispersion decreased with increasing temperature, and the values of ε and β show discontinuous changes around the gel-LC phase transition temperature [14] . Temperature dependence of τ and β showed the same behaviors with those obtained in former works, but there still exist some ambiguities in the behavior of the ε values above and below the transition temperature. The values decreased with increasing temperature in the gel phase, but did not show a temperature dependency in the LC phase. The larger values of ε deviated from common the entire temperature dependence were observed at 39 o C and 43 o C in former work as well as were observed at 36 o C and 42 o C in this study. In our former works, τ and β values also obtained from curve fitting procedures using Eq. 1 has not been discussed in more detail, since the low frequency tail of the dielectric relaxation spectra was not evaluated enough. We succeeded to obtain these parameters, τ and β, from the statistical analysis of jitter for the present data in a frequency range with the free water relaxation peak around 20 GHz. 
Relaxation Parameters

Interactions between Lipid and Water Molecules
DPPC liposome is spontaneously formed by the hydrophobic interaction of DPPC molecules under rich water conditions. Water is then essential for keeping liposome bilayer structure, and hydrophilic regions of DPPC on the surface of liposome are exposed to surrounding water. Lipid molecules forming liposome membrane align perpendicular to the bilayer surface with leaning about 30 o in the gel phase shown in Figure  4 . However, the regularity of lipid membrane in LC phase is less than that in gel phase, since alkyl chains are melted above the gel-LC phase transition temperature at 41 o C. As the result, membrane fluidity increases due to the chain sequence fluctuation [19] . Therefore it is expected that structure of bulky water was affected by the change of the lipid membrane sequence with hydrophobic regions of DPPC melting. In lipid membrane regularity should make the relaxation time distribution larger and bring a broad relaxation curve for DPPC liposome water dispersion.
On the other hand, the relaxation strength, ε, shows a complicated behavior as described in the former section. The values obtained at 36 o C and 42 o C deviated from those expected from the other temperatures. Higher accuracy for dielectric relaxation measurement was given by statistical analysis of jitter so that these two points may have particular meanings. One possible explanation is that the ε value was affected by the phase transition phenomena, because the both temperatures of 36 o C and 42 o C were corresponding to pre-and main-transitions of the lipid membrane as shown in Fig. 4 . We need to clarify the temperature dependence of the values of ε below 36 o C for dielectric measurement to understand the correlation between ε and phase transition phenomenon of DPPC. However more details will be investigated with more precise measurement in future. o from normal line of membrane surface to keep energy stabilization in the gel phase. Membrane structure changes from the lamellar gel phase (L β ') to the ripple gel phase (P β ') around the pre-transition temperature at 35.8 o C, and it changes from P β ' to the liquid crystalline phase (L α ) around the main-transition temperature at 41.6 o C.
Conclusion
We observed dielectric relaxation for the water dispersion of DPPC liposome at around 40 o C by TDR measurements with a statistical analysis of jitter. We succeeded to obtain dielectric relaxation spectra for DPPC liposome water dispersion in the frequency region up to 20 GHz at various temperatures. The relaxation time continuously decreased with increasing temperature. The relaxation time distribution parameter obtained characteristically decreased with increasing temperature above the gel-LC phase transition temperature 41 o C. This result suggests that a decrease in the regularity of lipid molecules on the membrane would cause fluctuations of surrounding free water structure around the phase transition temperature. It is also suggested by ε values concerned to the phase transition phenomena of the lipid membrane.
